Abstract The karyotype and numeric changes in chromosomes among taxa of Lycoris (spider lilies) have been attributed to whole-arm rearrangements; however, the history of karyotype evolution of Lycoris is still ambiguous. In the natural habitat, one-third of Lycoris taxa are interspecific hybrids that are mainly sterile and extremely diverse in morphologies. Lycoris are geophytes with the reproductive stage initiated inside the bulbs during the storage period, which brings some inconveniences in collecting meiotic materials for studying chromosome pairing. The partial fertility of an artificial F1 interspecific hybrid between L. aurea (2n = 14) and L. radiata (2n = 22) provides an alternative option for tracing the meiotic process in F1 hybrids. The chromosome compositions of those functional gametes generated by the F1 hybrid could be recovered according to the chromosome complements of backcross progenies. We perform genomic in situ hybridization (GISH) analysis on somatic chromosomes of 34 BC1 plants (2n = 14-22) to reveal chromosomal divergences in number and composition of those functional gametes. GISH results also indicated a high homology between the MT-and A-genomes of Lycoris, reflecting on the partial fertility and frequently homoeologous recombination at meiosis of the F1 interspecific hybrids. The diverse chromosome complements and recombinant patterns presented in these functional gametes suggested that interspecific hybridization is an important force in driving diversification among Lycoris species. We suggest that the MT-karyotype genome may be the ancestral type in Lycoris, and some other chromosomal rearrangements in addition to centromeric fission may have played roles in the karyotype evolution of Lycoris.
Introduction
Numerical changes of chromosomes within genera are the clearest and most basic features in karyotype analyses of plant cytotaxonomy. However, variations in chromosome number only are often insufficient to interpret karyotype evolution among related organisms (Guerra 2008) . Although knowledge of karyotype evolution is complex and ambiguous, some mechanisms of karyotype evolution among related species, such as Robertsonian fusion and fission mechanism, are well accepted (Schubert and Lysak 2011) . Robertsonian fusion and fission alter the chromosomal structure by rearranging whole chromosomal arms, which changes the chromosomal symmetry and number, but keeps the number of major chromosome arms (nombre fondamantal NF) constant in the new complement. This mechanism has been identified as an important force in driving animal speciation; however, few examples have been reported in plants (Jones 1998) . Among them, Lycoris is one of the earliest examples reported.
The genus Lycoris (Amaryllidaceae) contains about 30 taxa with different chromosome numbers (2n = 12-44) and different ploidy (2x-4x). Three types of chromosomes, including metacentrics (M-type), telocentrics (T-type), and acrocentrics (A-type), were identified in chromosome complements of Lycoris (Kurita 1986 ). The most important feature of the chromosome complements of Lycoris is that the total number of major chromosome arms of each complement is constant, with a multiple of 11 (NF = 11) (Kurita 1988) . According to the chromosome complements, Lycoris taxa were grouped into A, MT, and MT-A karyotypes. Taxa of the A-or MT-karyotype are fertile diploids, whereas those of the MT-A karyotype are interspecific hybrids and are mainly sterile (Kurita and Hsu 1998) . In the natural habitat, about one-third of Lycoris taxa have the MT-A karyotype. Interspecific hybridization and subsequent polyploidization in natural habitats have been considered crucial forces driving the evolution of Lycoris (Kurita and Hsu 1996) . Speciation and phylogenetic relationships in Lycoris have been extensively studied by morphological, cytological, and molecular approaches (Kurita 1987; Lee and Kim 1987; Hsu et al. 1994; Chung 1999; Hayashi et al. 2005) . However, continuous variation in morphological and physiological features of Lycoris still challenged to reach a satisfactory classification of Lycoris taxa (Kurita and Hsu 1998) .
Interspecific hybrids of Lycoris can be obtained by embryo-rescue techniques (Ma et al. 2001) . F1 hybrids of L. aurea (golden spider lily, 2n = 14, 8M ? 6T) and four different A-karyotype species (red spider lilies, 2n = 22, 22A) can reproduce functional male gametes (24.7-29.1 %) with NF = 11, but all of them are female infertile (Shii et al. 1997; Wu et al. 2005) . These F1 hybrids are valuable pollen parents for Lycoris breeding to obtain progenies with novel combinations. Some progenies (BC1) have been obtained by backcrossing these F1 hybrids to either of the parents or by test-crossing to other relative diploid species, which have various chromosome numbers (2n = 14-22) and extremely diverse flower shapes and colors (Wu et al. 2005) . The diverse karyotypes and appearance of the progenies suggest homoeologous chromosome pairing and subsequent recombination occurring at meiosis of F1 interspecific hybrids. Conventional observation on the chromosome configurations of the F1 hybrids at meiosis allows examining structural and functional homologies between parental genomes of an interspecific hybrid. However, collecting meiotic specimens of Lycoris is inconvenient because they are geophytes with hysteranthous leaves and with the reproductive stage initiated inside the bulbs during the storage period (Dafni et al. 1981) . Thus, the developing anthers with pollen mother cells at suitable meiotic stage cannot be identified unless the bulbs are sacrificed. The partial fertility of these F1 interspecific hybrids of MT-and A-type Lycoris provides an alternative option for tracing the meiotic process in F1 hybrids. When F1 hybrids are used as the pollen parent in backcross/testcross, the chromosome complements of functional gametes produced by the F1 hybrids can be recovered based on the karyotypes of their progenies (Wu et al. 2005) .
With well-developed genomic in situ hybridization (GISH) technique, one can cytologically discriminate closely related genomes and precisely dissect the chromosome pairing behaviors at meiosis of interspecific hybrids (Benavente et al. 2008) . For better discrimination, the totalgenome DNA of another closely related species without labeling is usually used as competitor (blocking agent) to probe DNA in GISH (Anamthawat-Jonsson et al. 1990 ). The amount of blocking DNA is determined by the phylogenetic distance between both genomes. As we have reported previously, GISH with suitable amount of blocking DNA enabled revealing genomic affinities between Paphiopedilum species, lady's-slipper orchids (Lee et al. 2011) .
The chromosome complements in functional pollen reproduced by F1 interspecific hybrids could be recovered from BC1 progenies by backcrossing F1 interspecific hybrids to each of the parents. We performed GISH on somatic chromosomes of 34 BC1 progenies derived from F1 interspecific hybrid (2n = 18, 4M ? 3T ? 11A) between Lycoris aurea (2n = 14, 8M ? 6T) and L. radiata (2n = 22, 22A). A high frequency of homoeologous recombination events has occurred over all chromosomes in these F1 interspecific hybrids at meiosis. GISH results suggested that the genomic composition of L. aurea (MTkaryotype) and L. radiata (A-karyotype) is highly homologous, but still diverse enough to be discriminated by GISH with a suitable amount of blocking DNA.
Materials and methods

Plant materials
The F1 interspecific hybrid L. aurea (2n = 14 = 8M ? 6T) 9 L. radiata (2n = 22 = 22A) was indicated hereafter as AR hybrid. BC1 progenies were obtained by backcrossing the AR hybrid (pollen parent) with L. aurea (AAR), with L. radiata (RAR), or with L. sprengeri (SAR) ( Table 1) . These plants had different flower types and colors (Fig. 1 ). Plants were grown in pots with a soil-less medium and slow-release fertilizers in the greenhouse at the Department of Horticulture of National Taiwan University, Taipei.
Preparation of total genomic DNA probes and blocking DNA Total genomic DNA was extracted from fresh leaves by CTAB method (Gawel and Jarret 1991) , and then stored at -20°C. In each GISH hybridization experiment, either one of two parental genomic DNA of AR hybrid was labeled and used as probe and the other without labeling was used as competitor DNA (blocking DNA). For preparing probe DNA, total genomic DNA was mechanically sheared to fragments of 2.5-3.0 kb, and then labeled with digoxigenin-11-dUTP by nick translation (Roche Diagnostics, Penzberg, Germany). For preparing blocking DNA, total genomic DNA was autoclaved for 5-7 min to obtain fragments at an average length of 50-100 bp.
Chromosome preparation, GISH, and telomerefluorescence in situ hybridization (FISH)
Sample collection, treatment, and chromosome preparation were performed as previously described (Chung et al. 2008; Chang et al. 2009 ). In brief, young root tips were treated with 2 mM 8-hydroxyquinoline at 18°C for 4 h to accumulate mitotic metaphase nuclei, fixed in ethanol:acetic acid (3:1) overnight, and then stored at -20°C. The fixed root tips were macerated with an enzyme mixture containing 6 % pectinase (Sigma Chemical Co., St. Louis, MO, USA) and 6 % cellulase (Onozuka R-10, Yakult Honsha, Japan) in 75 mM KCl (pH 4.0) at 37°C for 75-80 min. Softened tissue was squared on a slide in a few drops of methanol:acetic acid (3:1), and then air-dried. Slides with well-spread chromosome preparations were selected for GISH. GISH was performed as the protocol of rDNA-FISH used on Lycoris chromosomes (Chang et al. 2009 ) with minor modification. In the hybridization mixture (20 lL per slide), the amount of blocking DNA was 60-fold excess of labeled probe. Chromosome preparations were denatured in 75 % formamide/2X SSC at 80°C for 90 s. Hybridization signals were visualized by use of rhodamineconjugated anti-digoxigenin antibody (Roche Diagnostics GmbH, Germany). Chromosomes were counterstained with 4 0 , 6-diamidino-2-phenylindole (DAPI) in an antifade solution (Vector Laboratories, CA, USA).
The telomere at chromosome of Lycoris consists of the human-type telomeric repeats (TTAGGG)n instead of the Arabidopsis-type repeats (TTTAGGG)n found in most plants (Sykorova et al. 2003) . The telomere probe for FISH was amplified and labeled with digoxigenin-11-dUTP by PCR (PCR Dig-labeling Mix, Roche Diagnostics GmbH, Germany) with the sequence (TTAGGG) 5 as primer in the absence of template (Ijdo et al. 1991) . The PCR program involved initial denaturing for 15 min at 95°C; 10 cycles of 60 s at 94°C, 30 s at 55°C, and 60 s at 72°C; 30 cycles of 60 s at 94°C, 30 s at 60°C, 90 s at 72°C; and one final step of 10 min at 72°C.
GISH or FISH images were recorded by use of an epifluorescence microscope (AxioImager A1, Carl Zeiss AG, Jena, Germany) equipped with a CoolSnap-fx CCD camera (Photometrics, Tucson, USA). Images were pseudo-colored, composed, and analyzed by use of Image-Pro Plus v5.0.2.9 (Media Cybenetics Inc., USA). Figures were edited by use of Adobe Photoshop 9.0 (Adobe Systems Inc., USA).
Results
The karyotype of the AR hybrids ( Fig. 2) was established by the measurements of five complements (Table 2) . On average, the total length of four M-type chromosomes was 41.61 % of the length of all 18 chromosomes in a complement put together, the total length of three T-type chromosomes was 15.42 %, and the total length of 11 A-type chromosomes was 42.87 % (Table 2 ). In a complement, the proportion of M-and T-type chromosomes (57.03 %) was more than that of A-type chromosomes. GISH results revealed high homology between the genomes of L. aurea (MT-karyotype) and L. radiata (A-karyotype). When the total genomic DNA of L. radiata was used as a probe to perform GISH on chromosomes of L. aurea, GISH signals were spread over all chromosomes of L. aurea, but absent from the terminal region of each T-type chromosome (Fig. 3a) . While the total genomic DNA of L. aurea was used as a probe to perform GISH on L. radiata, signals dispersed throughout every chromosome of L. radiata (Fig. 3b) . When unlabeled blocking DNA in 60-fold excess of probe DNA was added in the GISH mixture, chromosomes of L. radiata could be discriminated from those of L. aurea (Fig. 3c ).
Besides, we detected the distribution of telomeric repeats on chromosomes by use of FISH with human-type telomeric repeats (TTAGGG)n as probe to trace the possible occurrence of chromosome fusion. FISH signals of telomeric repeats were located at the distal end of every chromosomal arm, but none of the signals was detected at the intercalary region of Lycoris chromosomes (Fig. 4) .
We performed GISH experiments on mitotic chromosomes of 34 BC1 progenies, including 28 AAR, five RAR, and one SAR. These progenies have different chromosome numbers (2n = 14-22) and complements as listed in Table 3 . By GISH analyses, 23 of 34 progenies possessed recombinant chromosomes with different numbers and pattern, but the rest 11 plants lacked recombinant chromosomes. Actually, the chromosome complements of these 11 plants had been previously identified as one of their parental types by conventional staining (Wu et al. 2005) , which are further confirmed by GISH results presented here. Among these 11 plants, four accessions (AAR103, AAR104-B, AAR107, and AAR201) were identical to L. aurea, six (AAR207-B, AAR213, AAR303, AAR305, AAR 510-A, and AAR 606) were identical to the AR hybrids, and RAR502 was identical to L. aurea (Table 3) . These 11 accessions and one SAR (SAR301-B, 2n = 19, 3M ? 2T ? 14A) were excluded from later statistical recombination analyses.
GISH results demonstrate that these backcrossed progenies contained numerous recombinant chromosomes, indicating a high frequency of homoeologous recombination occurred at meiosis in the AR hybrids (Figs. 5, 6, 7; Table 3 ). The chromosome number of these progenies ranged from 2n = 14 to 2n = 22; some of the GISH results are shown as follows: 2n = 14 ( Fig. 5a-d) , 2n = 15-18 ( Fig. 6a-d) , 2n = 19-20 ( Fig. 7a-b) , and 2n = 21 ( Fig. 7c-d) . The origin of a recombinant chromosome is identified according to the fragment with centromere. The patterns of recombination are grouped into two types by the position of the exchanged fragment on that recombinant chromosome. A single recombinant chromosome has an exchanged fragment from another parental genome to join at the recombination site. A single recombinant chromosome appears as two connected segments with different GISH signals. A double recombinant chromosome has an exchanged segment from another parental genome inserted between two recombination sites. Thus, GISH results display a double recombinant chromosome as three connected segments, the intercalary one presents different GISH signals from both flanks (Fig. 5) .
GISH results also provided cytological evidence to facilitate the identification of chromosome composition of the progeny. For example, it has been considered difficult to distinguish the complements of AAR404-A (2n = 14, 8M ? 5T ? 1A) from that of L. aurea (2n = 14, a Based on the arm ratio, chromosomes are grouped into three types, including metacentrics (M), telocentrics (T), and acrocentrics (A) (Levan et al. 1964) . Chromosomes are numbered according to their lengths in descending order within a group b Relative length is the proportion of the absolute length of an individual chromosome to the total length of chromosomes in that complement. The absolute length (lm) of each chromosomal arm was measured by use Image-Pro Plus software (V5.0.2.9, Media Cybenetics Inc., USA). The values of mean ± standard deviation (SD) were calculated from five measurements c Arm ratio = the length of the long arm (L)/the length of the short arm (S) d Sum is the proportion of the length of four M-type, three T-type, or eleven A-type chromosomes, respectively, in a complement 8M ? 6T) by conventional staining method because of the high similarity between A-and T-type chromosomes. GISH results indicated that the pollen which AAR404-A received from the AR hybrids was 4M ? 2T ? 1A instead of 4M ? 3T; moreover, that recovered pollen contained several recombinant chromosomes in its complement ( Fig. 3a-b ; Table 3 ). Similarly, the complement of AAR309 was revised from 2n = 14 = 8M ? 6T (Wu et al. 2005 ) to 2n = 14 = 8M ? 5T ? 1A based on GISH results in this study ( Fig. 5c-d) . The complement which Fig. 3 The ability of genomic in situ hybridization (GISH) to discriminate chromosomes originated from different Lycoris genomes. a GISH signals (red) generated by total genomic DNA of L. radiata (A-karyotype) spread on all chromosomes of L. aurea (MTkaryotype), but were absent from the terminal region of each T-type chromosome (arrowheads). b GISH signals (red) generated by total genomic DNA of L. aurea spread over all chromosomes of L. radiata. c In a complement of the AR hybrid, M-and T-type chromosomes (red) could be distinguished from A-type chromosomes (blue) by GISH with unlabeled genomic DNA of L. radiata added in 60-fold excess of probe DNA (L. aurea, red). Bar 10 lm donated by AR hybrid to AAR309 was n = 7 = 4M ? 2T ? 1A with several recombinant chromosomes ( Fig. 5c-d) , including four single recombination (2 M-type, 1 T-type, and 1 A-type) and five double recombination (4 M-type and 1 T-type; Fig. 5d ; Table 3 ). In the case of RAR913, its chromosome complement (2n = 22, 22A) was identical to that of L. aurea, but several recombinant fragments derived from the MT-type genome were detected (Table 3) . Some of the recombination may lead to visible changes in chromosome morphologic features, such as shortened recombinant M-and T-type chromosomes in AAR404-A (Fig. 5b) , shortened A-type chromosome in AAR309 (Fig. 5d) , and extended recombinant A-type chromosome in RAR304 (Fig. 7d) . We have analyzed the GISH patterns on 226 chromosomes (64 M-type, 42 T-type, and 120 A-type) from recovered male gametes in 23 BC1 (Table 3) . Among these 226 chromosomes, 178 were recombinant chromosomes, including 98 chromosomes were single recombinants, 80 chromosomes were double recombinants; whereas the other 48 chromosomes are detected non-recombinants (Table 3) . Among these recombinations, 29.77 % were on M-type (27 ? 26 = 53), 16.85 % on T-type (14 ? 16 = 30), and 53.37 % on A-type (57 ? 38 = 95) chromosomes. Interestingly, the number of recombination on A-type chromosomes (53.37 %) was almost equal to the sum of that on M-and T-types chromosome. Since each M-type chromosome contains two major chromosome arms, the mean recombination per arm is half of 29.77 % (i.e., 14.89 %), although less than that for T-type chromosomes, suggesting that each arm of M-and T-type chromosomes has similar opportunity to homoeologously pair and crossover with an A-type chromosome.
Recombination occurred throughout chromosomes but rarely in the pericentric region
We wondered whether recombination preferentially occurred in particular regions of Lycoris chromosomes. As summarized in Fig. 8 , GISH results revealed various recombinant patterns on chromosomes of Lycoris. For standardized comparison of the positions of recombination on different chromosomes, each chromosome arm was equally divided into 100 units from centromere (0) to telomere (100). The distance between the centromere and the proximal end of each recombinant segment (L1) and the total length of that chromosome arm (L2) was measured. Then, the relative position of a recombination event was calculated as (L1/L2) 9 100 (Fig. 8) . Only the main chromosome arms of A-and T-type chromosomes and two of M-type chromosomes were measured. All recombination fragments were found unevenly distributed along each chromosome arm of Lycoris (Fig. 8) . In general, recombination sites often occurred at positions 60-90 (interstitial regions), a few at the proximal region (15-20), and distal end (90-100), but hardly in the pericentric region (0-15) of any type of chromosomes. Of note, recombination sites were mainly at positions 30-40 and 60-80 on A-type chromosomes (Fig. 8c) .
Discussion
Homoeologous recombination in interspecific hybrid of Lycoris revealed by GISH Interspecific hybridization and subsequent genetic modifications may change the chromosome number and structure rapidly, which has been acknowledged as an important mechanism of plant speciation (Soltis and Soltis 2009 ). In general, interspecific hybrids are mainly sterile because of disturbances in meiosis that may hamper chromosome pairing and genetic recombination, thus limiting the possibility of interspecific gene flow (Kopecky et al. 2010 ). However, interspecific hybrids, even with low fertility, are useful bridges in introgression breeding for gene transfer between different species. With the advent of molecular markers and GISH/FISH technologies, the extent and Fig. 4 The positions of telomeres on chromosomes detected in a complement of the AR hybrid. Human-type telomeric repeats (TTAGGG)n were used as probe (red). Green signals indicate the positions of 45S rDNA loci on 3 T-type and one A-type chromosomes. Bar 10 lm pattern of homoeologous recombination and the amount of introgression have been studied in diverse groups of plants (for review see Benavente et al. 2008) . Among those achievements, the production of Festuloliums (Festuca 9 Lolium hybrids) are the most well-known and successful (Kopecky et al. 2008) . a The name and parentage of these accessions are identical to as that in Table 1 . The first letter represents the tester parent. A = Lycoris aurea (2n = 14, 8M ? 6T); R = L. radiata (2n = 22, 22A). The second and third letters represent both parents of F1 interspecific hybrids AR. Numbers indicate individual plants derived from the same backcross b The chromosome number (n) and composition of each accession was previously identified by staining method (Wu et al. 2005) . M metacentric chromosome, T telocentric chromosome, A acrocentric chromosome, m metacentric chromosome in obviously small size, A -acrocentric chromosome in obviously small size c The male gametes contributed by the AR hybrids. The chromosome number (n) and composition of each accession was previously identified by staining method (Wu et al. 2005) . The asterisk (*) indicates that the gametotype has been revised according to the GISH results provided here d The total number of chromosomes detected by GISH in each accession to contain single recombinant (single), double recombinant (double), or none recombination (none) Meiosis of AR hybrids could reproduce functional pollens with different chromosome numbers (n = 7-11) and compositions, which responded to the variations of the karyotypes among these BC1 progenies (Table 3) . Interestingly, the total numbers of chromosomal arm of these functional pollens recovered from BC1 progenies are constant as a multiple of 11 (NF = 11). Some of the BC1 progenies with chromosome number 2n = 25-27 were identified as triploid (NF = 33) (Wu et al. 2005) . In this study, GISH revealed a high homology between L. aurea (MT-karyotype) and L. radiata (A-karyotype) (Fig. 3a-c) , which may explain the frequent occurrence of homoeologous pairing between both parental genomes in AR hybrids. However, GISH enabled distinguished both genomes by adding a suitable amount of the blocking DNA (Figs. 3c, 5, 6, 7) , which indicates that considerable divergence existed between the MT-karyotype and the A-karyotype genome. The ability of GISH to distinguish closely related genomes at chromosomal levels depends on the diverse repetitive sequences in both genomes. Repetitive sequences in related genomes may be diverse in type and number as well as their organization and distribution at chromosome level (Anamthawat-Jonsson and Reader 1995; Lee et al. 2011) . Therefore, partial fertility and frequent homoeologous pairing and recombination in AR hybrids may cause genomic divergence among Lycoris taxa, which provoked specification in the genus Lycoris.
Possible configuration of homoeologous pairing between M-, T-, and A-type chromosomes
In plants, chromosome pairing and crossover can be established when DNA sequence similarity and the length of homology are available and the genetic systems for controlling the pairing stringency are absent (Shen and Huang 1986; Sant'Angelo et al. 1992; Datta et al. 1997) . Homoeologous chromosomes are chromosomes in related species possessing similar morphologic features, structure, and gene loci. However, homoeologous chromosomes may be highly differentiated because numerous alterations in DNA composition and genomic organization would be accumulated through evolution (Armstrong and Keller 1982) . Therefore, homoeologous chromosome pairing at meiosis of an F1 interspecific hybrid interprets the affinity between both parental genomes (Lee et al. 2011 ).
As mentioned above, the studies on meiosis of Lycoris are restrained due to inconvenience in sample collection. In limited reports, different pairing configurations have been observed in Lycoris with M-T-A karyotypes. All together, these investigations indicated high homology between M-and A-type chromosomes, also suggested a fusion or fission relationship between these two types of chromosomes (Inariyama 1932; Koyama 1962 Koyama , 1978 . However, the evolutionary connection between the T-type chromosomes and the other two types remains unknown (Jones 1998) . Our GISH analysis revealed that the recombinant segments on A-type chromosomes (53.37 %) is roughly close to the total of recombinant segments on T-type (16.85 %) and M-type chromosomes (29.77 %) (Table 3) , which strongly supports that in a AR hybrid each A-type chromosome derived from L. radiata (11A) would associate with its corresponding chromosomal arm of M-or T-type chromosomes derived from L. aurea (4 M ? 3T). In other words, the most promising chromosome association at meiosis of AR hybrids (2n = 18, 4M ? 3T ? 11A) is a configuration of 4 III (M-2A) ?3 II (T-A). Theoretically, the gametes produced by balanced segregation of the configuration [4III (M-2A) ? 3II (T-A)] would possess 2 7 = 128 types of chromosome complements, including MA and T-A types which were not found in natural Lycoris taxa (Yuan et al. 1998) . The high homology between the MT-and TA-karyotype genome (Fig. 3a-b) suggests that MA-or TA-karyotype genomes are absent in nature because of the existence of incompletion, duplication, and imbalance between M-and A-genomes, as well as between T-and A-genomes.
Although the molecular nature of regions with an unusually high or low frequency of homoeologous recombination is unclear (Akhunov et al. 2003; Mézard 2006) , increasing GISH data has revealed that chromosomal Homoeologous recombination events were frequently detected in interspecific hybrids of Lilium (Karlov et al. 1999) and in hybrids of Tulipa (Marasek-Ciolakowska et al. 2012) . Lycoris is similar to both Lilium and Tulipa in several biological features, for example, being cultivated as bulbous ornamental crops and possessing large chromosomes (Bennett 1972; Zonneveld 2009 ; this study). However, GISH analyses revealed different recombination patterns on these plants. GISH results displayed one or two recombinant segments per chromosome in progenies of interspecific hybrids of tulips (Marasek-Ciolakowska et al. 2012) ; while more than two recombinant segments were detected per chromosome of Lilium (Khan et al. 2009 ). Crossover occurred randomly along all chromosomes of tulips, but was restricted to particular chromosomes of Lilium (Khan et al. 2009; Marasek-Ciolakowska et al. 2012) . Chromosomal recombination maps for three Lilium genomes have been constructed based on recombination sites accurately identified by GISH of chromosomes of the BC progenies of interspecific hybrids (Khan et al. 2009 ). Recombination sites were detected along the length of three types of chromosomes of Lycoris (Fig. 8) . In general, the recombination sites were mainly in the interstitial positions (position 60-90) on each chromosomal arm, less in the telomeric/subtelomeric positions ([90), or in pericentromeric regions (20-30) , but rarely near the centromere (\10). Interestingly, two recombination ''hot-spot'' regions are at positions 30-40 and 60-80 on A-type chromosomes (Fig. 8) . Except for the A-type chromosomes, such distribution of recombination on Lycoris chromosomes is similar to previous observations in most organisms (for references, see Kopecky et al. 2010 ).
Interspecific hybridization and karyotype evolutionary in Lycoris
Although several mechanisms have been recognized to account for the variations in karyotypes among related L. aurea (MT-karyotype). Chromosome complements in c were arranged according to their lengths in descending order in d. Upper chromosomes from female parent (L. radiata, n = 11, 11A); lower chromosomes of pollens of the AR hybrid. Arrows indicate chromosomes obviously extended due to recombination. Bar 10 lm species, the history of karyotype evolution is often complex and puzzling. Recently, an integrated approach with comparative genetics, genomic analyses, and comparative chromosome painting has facilitated extended studies of karyotype evolution in mammals and plants such as Brassicaceae (for review, see Schubert and Lysak 2011) . The karyotype evolution and phylogenetic relationship within Lycoris has been studied and discussed on the basis of cytological observations for decades (for review, see Kurita 1988; Jones 1998) . However, studies of the karyotype evolution of Lycoris by comparative genetics and genomic analyses are still limited because of less knowledge of the genetic background and genomic DNA sequence data of Lycoris.
Based on cytological investigations, two major hypotheses have been considered for karyotype evolution in Lycoris. The fission hypothesis suggested that an M-type chromosome would make two T-type chromosomes through centromeric fission (Darlington 1963; Flory 1977) . The fusion hypothesis proposed A-karyotype species (2n = 22, 22A) as the ancestral type in Lycoris. Thus, a fusion occurs between two A-type chromosomes to make an M-type chromosome (Inariyama 1951a, b; Jones 1978; Nishikawa et al. 1979) . A-type chromosome may become T-type chromosome simply by pericentric inversion, which has been observed in L straminea and in L. aurea (Kurita 1987) . Recently, the development of molecular markers (isozyme and DNA-based markers) and advent cytogenetic methods (FISH and GISH) allows investigating the phylogenetic relationships among Lycoris species (for review, see Tarumoto et al. 2006 ). The fusion hypothesis was supported by the phylogenetic analysis of chloroplast Fig. 8 Summary of the patterns and distribution of recombination on three types of chromosomes of Lycoris. Each chromosome arm is equally divided into 100 units from the centromere (0) to telomere (100). The relative site of a recombination is calculated as (L1/ L2) 9 100. The number indicates the count of each pattern. The number in parenthesis indicates the count of measurements of each type of chromosome. The arrows indicate two types of recombination, single and double genome sequences, which suggested Lycoris radiata var. pumila (2n = 22A) as an ancestral taxon of Lycoris (Hori et al. 2006) . However, the fusion hypothesis failed to explain why the total length of M-and T-type chromosomes are always longer than A-type chromosomes in some putative hybrid taxa (Kurita 1988 ) and in our artificial AR hybrids ( Table 2 ). The T-type chromosome is less possible to be the ancestral type in Lycoris because none Lycoris taxa with a pure T-type chromosome in its complement has been found in their natural habitat and the formation of an M-type chromosome by two T-type chromosomes was never observed (Kurita 1987 (Kurita , 1988 .
Our results present in this study and in previous report (Chang et al. 2009 ) support the fission hypothesis for karyotype evolution in Lycoris. First, no telomeric repeats were detected at the intercalary region on Lycoris chromosomes (Fig. 4) . Since the existence of interstitial telomeric sequence has been considered as a visible trace of chromosome fusion (Biessman and Mason 1994; Fuchs et al. 1995; Bolzan and Bianchi 2006) , the fusion hypothesis seems less acceptable in this case. Second, the measurement of chromosome length (Table 2 ) and the GISH results (Fig. 3a) indicated that the genome content of MTkaryotype is more than that of A-karyotype. GISH signals from genomic DNA of L. radiata (A-karyotype) were absent from the terminal region of each T-type chromosome of L. aurea (MT-karyotype) (Fig. 3a) , suggesting these regions comprised nova DNA sequences that are absent in the A-karyotype genome. As we reported previously, the terminal region of each T-type chromosome stained positive with DAPI and contained abundant 5S rDNAs and 45SrDNAs repeats (Chang et al. 2009 ). Various and abundant repetitive sequences were amplified and added to the broken chromosomal ends due to the centromeric fission occurred at a M-type chromosome for stabilizing two newly formed T-type chromosomes (Jones 1998) .
Secondarily structural rearrangements following centromeric fission may have been involved in the chromosome re-patterning in Lycoris, which may be provoked by frequent interspecific hybridization occurred in their natural habitat. For example, some other types of chromosomes, such as M', T', a, and m, were observed in addition to the three major types in putative hybrid taxa of Lycoris (Kurita 1987 (Kurita , 1988 Figs. 5b, d, 7d in this study), which suggests a common occurrence of chromosome morphologic changes in interspecific hybrids. Rapid karyotype changes invoked by interspecific hybridization may facilitate the development of reproductive isolation between a hybrid lineage and parents, and then promote the formation of a new species (hybrid speciation) (Rieseberg 1997; Gross and Rieseberg 2005; Howarth and Baum 2005; Mir et al. 2006) .
Concluding remarks
The MT-and A-karyotype genomes of Lycoris are high homology which accounts for high frequency of homoeologous recombination in F1 interspecific hybrids of L. aurea (MT-karyotype) 9 L. radiata (A-karyotype). On the other hand, the MT-type chromosomes could be discriminated from A-type chromosomes by GISH with blocking DNA, which demonstrates the existence of considerable divergence between both genomes at chromosomal level. Interspecific hybrids presented partial fertility, and homoeologous recombination played important roles in driving divergence and specification in Lycoris. However, more evidence and more molecular markers are needed to elucidate the karyotype evolution of the Lycoris.
